ABSTRACT The effect of temperature on development, survival, and adult longevity of Lydella jalisco Woodley (Diptera: Tachinidae), a parasitoid of the Mexican rice borer, Eoreuma loftini (Dyar) (Lepidoptera: Pyralidae), was studied under laboratory conditions. Development times of L. jalisco larvae and pupae decreased with temperatures in the range 15Ð35ЊC. However, survival was greater at cooler temperatures similar to those encountered in the parasitoidÕs native habitat; percentage of adult emergence was 62.5% at 20ЊC compared with 9.5% at 35ЊC. The lower temperature threshold for development of larvae was 14.5ЊC, whereas for pupae it was 13.8ЊC. Adult lifespan was also affected by high temperatures. Adult parasitoids lived 20 to 25 d at temperatures in the range 15Ð25ЊC, whereas they lived 4 to 6 d at 35Ð40ЊC. For Ͻ10 consecutive hours, temperatures exceeding 30ЊC prevail in the Lower Rio Grande Valley of Texas during the months of May through September when populations of E. loftini reach an economic threshold. Therefore, the potential efÞcacy of L. jalisco as a biological control agent of E. loftini in south Texas should be examined closely because mated females of L. jalisco require 7Ð14 d for maximum egg fertilization and embryonic development.
ACCIDENTALLY INTRODUCED INTO the Lower Rio Grande
Valley of Texas, the Mexican rice borer, Eoreuma loftini (Dyar), was Þrst detected in 1980 (Johnson 1984) . It soon became the key pest of sugarcane, causing annual damage estimated at 10 Ð20 million dollars (Legaspi et al. 1997) . Biological control efforts to reduce E. loftini populations began soon after its introduction. Twenty-one parasitoid species were introduced into Texas between 1982 and 1997 (Legaspi et al. 1997) . However, to date, neither biological control agents nor chemical control practices have provided sugarcane growers with satisfactory control of E. loftini populations.
Sampling efforts undertaken in the major sugarcane growing regions of Mexico during the 1980s (Melton et al. 1986 , Rodrṍguez del Bosque and Smith 1989 led to the identiÞcation of a new parasitoid of E. loftini in Ameca (Jalisco). According to Rodrṍguez del Bosque and Smith (1996) , Lydella jalisco Woodley (Diptera: Tachinidae) parasitized up to 33% of E. loftini larvae established in sugarcane. This solitary endoparasitoid of E. loftini was Þrst introduced into Texas in 1989 (Rodrṍguez del Bosque and Smith 1996) . Recoveries of 13 of 3,015 released parasitoids within the same year following initial Þeld releases stimulated scientiÞc interest (Pfannenstiel et al. 1990 ). In 1998, a joint research program was initiated between the Texas Agricultural Experiment Station (TAES) and the USDA-ARS Subtropical Agricultural Research Center, both in Weslaco, TX, to further evaluate its potential as a natural enemy of E. loftini in sugarcane and other gramineous crops in south Texas.
Establishment of L. jalisco in the Lower Rio Grande Valley of Texas depends on its ability to survive under the environmental conditions prevailing in this area. Among abiotic factors, temperature plays a major role by inßuencing the parasitoidÕs biological cycle, reproduction, and survivorship. To the best of our knowledge, research on the basic ecological requirements of L. jalisco has not been conducted. In the study reported herein, we sought to determine the effect of temperature on immature development and survival and on adult longevity of L. jalisco under laboratory conditions. Thorough knowledge of the effects of temperature on development and survival, among other aspects of the biology and behavior of L. jalisco, is critical for developing and optimizing both mass rearing and Þeld release techniques.
Materials and Methods
Parasitoid Culture. A stock colony of L. jalisco was established at the Texas Agricultural Experiment Station (Weslaco, TX) from specimens introduced from Ameca (Jalisco, Mexico) in late 1998. Adult parasitoids were held in wood-framed screen cages (25 by 25 by 25 cm) and provided water and a 30% honeyÐ10% egg yolk solution (wt:wt) on a cotton ball for food. Females between the ages of 7 and 12 d were dissected and Þrst-instar larvae collected from the ovisac of mated females were used to infest medium size E. loftini larvae reared on artiÞcial diet (Martinez et al. 1988) . Infested E. loftini larvae were individually placed in 18.5-ml cups (Fill Rite, Newark, NJ) Þlled with artiÞcial diet and maintained in an incubator (Percival ScientiÞc, Boone, IA) at 28 Ϯ 2ЊC, 60 Ϯ 10% RH in continuous darkness until parasitoids pupated. Parasitoid pupae were collected and placed in 37-mmdiameter plastic dishes under laboratory conditions (22 Ϯ 2ЊC, 60 Ϯ 5% RH) near a window until adult emergence. Further details about L. jalisco rearing techniques were presented by Lauziè re et al. (2000) . In the experiments, temperature and relative humidity were monitored hourly using HOBO hygrothermographs (Onset Computer Corporation, Bourne, MA). Voucher specimens were deposited at the Department of Entomology, Smithsonian Institution, Washington, DC, and in the personal collection of the senior author.
Effect of Temperature on Development of L. jalisco. Two hundred and Þfty medium-sized E. loftini larvae weighing 0.052 Ϯ 0.010 g were selected from our stock colony. Two hundred larvae were manually infested with one each surface sterilized Þrst-instar L. jalisco larva using a Þne brush and a stereomicroscope (30ϫ). Surface sterilization of Þrst-instar L. jalisco larvae was performed following extraction of the ovisac from the abdominal cavity of the female parasitoid by rupturing the organ in a 0.7% formalin solution, in which parasitoid larvae remained for Ϸ2 min before being rinsed three times in distilled water. The 50 remaining E. loftini larvae were not infested and were used as the control. All E. loftini larvae were individually placed in cups containing artiÞcial diet and held in incubators at one of the following daytime (0600 Ð1800 hours) temperatures: 15, 20, 25, 30, and 35ЊC (Ϯ0.5ЊC) in continuous darkness; nighttime (1800 Ð 0600 hours) temperatures were set 5 Ϯ 0.5ЊC lower than corresponding daytime temperatures. Daytime and nighttime temperatures were selected based on historical data obtained from the TAES weather station. In Weslaco, throughout the years 1998, 1999, and 2000, during which this biological control research program took place, mean daily nighttime temperatures (from 1900 to 0600 hours, one measurement per hour) differed from mean daily daytime temperatures (from 0700 to 1800 hours, one measurement per hour) by 3.72 Ϯ 1.60ЊC (n ϭ 1,096; range 0 Ð15.42). Forty infested and 10 uninfested E. loftini larvae were used per treatment. Borer larvae were examined twice daily (0700 and 1700 hours) by observing the borer through the plastic cup when possible. Mortality of immature L. jalisco parasitoids and development time from Þrst-instar larva to emergence of adults from puparia were recorded at each temperature. Parasitoid sexes were determined at adult emergence by using characters of the terminalia of adults observable under a stereomicroscope (16ϫ).
Effect of Temperature on Longevity of L. jalisco. Recently emerged (Ͻ2 h), unmated adults of L. jalisco of similar size were selected from our colony. Fifteen males and 15 females were separately introduced into wood-framed screen cages (25 by 25 by 25 cm). Adult parasitoids were provided a 30% honeyÐ10% egg yolk solution and water ad libitum. Cages were placed in incubators at daytime temperatures of: 15, 20, 25, 30, and 40ЊC (Ϯ0.5ЊC). For each treatment, nighttime temperatures were 5 Ϯ 0.5ЊC lower than daytime temperatures. Shallow plastic containers lined with paper towel, Þlled with water and placed on the bottom of each incubator contributed to maintain relative humidity between 80 and 90%. Photoperiod was set at 12:12 (L:D) h and light intensity was 12,000 lux. Two replicates were used per treatment for each sex (n ϭ 30). Cages were monitored twice daily (0700 and 1700 hours) for parasitoid mortality until all parasitoids died. Adult parasitoid longevity was recorded for each individual.
Statistical Analysis. The effect of temperature on development time of L. jalisco, from Þrst-instar larva to the emergence of the adult, was analyzed using a two-way analysis of variance (ANOVA) with sex and temperature as independent variables; means were separated using TukeyÕs honestly signiÞcant difference (HSD) test when the effect of temperature was signiÞcant (P Ͻ 0.05) (Steel et al. 1997) . The effect of temperature on immature parasitoid mortality was compared using a chi-square test (Steel et al. 1997) . Lower developmental threshold temperatures (T 0 ) for larval and pupal development of L. jalisco were estimated by regressing mean development rates (reciprocal of mean development times) on temperature, i.e., v ϭ a ϩ bT, where v is development rate, a and b are constants, and T is temperature in degrees Celsius; the X-intercept value or lower threshold temperature is T 0 ϭ -(a/b). Because of the nonlinearity of development rates, only temperatures of 20, 25, and 30ЊC were used to compute the linear regression for pupal development of L. jalisco. For both developmental stages of L. jalisco and each temperature tested, degree-days (DD) were then calculated as DD ϭ d (T -T 0 ), where d is the mean developmental time (days) at temperature T (ЊC). The nonlinearities of insect development at low and high temperatures justiÞed the development of nonlinear regression models (Stinner et al. 1974 , Logan et al. 1976 , Hilbert and Logan 1983 . Herein, larval and pupal mean development rates were Þtted to the model of Stinner et al. (1974) . The development rate of parasitoids that survived but failed to complete development during the 150-d observation period tended to zero. Therefore, this value was assigned to these individuals before analysis. The generalized form of the Stinner model is:
where r(T) is the development rate (days
Ϫ1
) at temperature T, C is the maximum development rate (1 ϩ 1 ϩ e k1ϩk2Topt ), T opt is the temperature (ЊC) at which the maximum rate occurs, k 1 and k 2 are empirical constants (k 2 Ͻ 0) (see Stinner et al. 1974) . Development rate equations were Þtted using MarquardtÕs nonlinear least squares technique (Bates and Watts 1988) .
A two-way ANOVA was performed on longevity with sex and temperature as independent variables; means were separated using TukeyÕs HSD test when the effect of temperature was signiÞcant (P Ͻ 0.05) (Steel et al. 1997 ). The level of signiÞcance was ␣ ϭ 0.05 and Systat 8.0 was used in all statistical analyses (Systat 1999) . Higher temperatures resulted in signiÞcantly shorter development times of immature L. jalisco (F ϭ 20.11; df ϭ 3, 41; P Ͻ 0.01) ( Table 1) . Although under all temperatures tested male development was shorter than female development, differences in development periods between sexes were not signiÞcant (F ϭ 0.40; df ϭ 1, 41; P ϭ 0.53). In addition, a signiÞcant interaction was not detected between sex and temperature (F ϭ 0.32; df ϭ 3, 41; P ϭ 0.81) ( Table 1) . Immature parasitoid mortality was also affected by temperature ( 2 ϭ 14.81, df ϭ 3, P Ͻ 0.01). At temperatures between 20 and 30ЊC, larval mortality ranged from 3.1 (1 of 32) to 6.5% (2 of 31) and pupal mortality from 34.4 (11 of 32) to 48.4% (15 of 31). However, 14.3% (3 of 21) of parasitoid larvae and 76.2% (16 of 21) of pupae exposed to a temperature of 35ЊC died prematurely, resulting in only 9.5% (2 of 21) adult emergence.
Results

Effect of
Linear regressions of L. jalisco larval and pupal development rates were signiÞcant (larva: v ϭ 0.0043T -0.0542; R 2 ϭ 0.93; F ϭ 26.99; df ϭ 1, 2; P ϭ 0.0351; SE of intercept ϭ 0.0231; P ϭ 0.1431; SE of slope ϭ 0.0008; P ϭ 0.0351; pupa: v ϭ 0.0058T -0.0830; R 2 ϭ 0.99; F ϭ 5220.24; df ϭ 1, 1; P ϭ 0.0088; SE of intercept ϭ 0.0020; P ϭ 0.0157; SE of slope ϭ 0.0001; P ϭ 0.0088) (Fig. 1) . The estimated lower development threshold temperatures were T 0 ϭ 12.6ЊC and T 0 ϭ 14.3ЊC for larvae and pupae, respectively. Degree-day requirements calculated for L. jalisco larvae and pupae varied with temperature between 211.3 and 271.8, and between 165.3 and 227.7, respectively ( Table 1) .
Dissections of infested E. loftini larvae exposed to a temperature of 15ЊC performed 150 d after host in- Fig. 1 . Development rate of Lydella jalisco (A) larvae and (B) pupae exposed to different temperature regimes. Solid line: nonlinear temperature-dependent development rate model; dashed line: linear degree-day development rate model. festation revealed 33 living parasitoid larvae that remained about a third the size of larvae entering the prepupal stage. Two parasitoid larvae held at 20ЊC were similarly small. These individuals were assigned a development rate of zero when we Þt the nonlinear regression model. Parameter C, k 1 , and k 2 estimates were 0.094 Ϯ 0.004, 6.989 Ϯ 1.187, and Ϫ0.288 Ϯ 0.048 for L. jalisco larvae, and 0.094 Ϯ 0.003, 7.796 Ϯ 1.514, and Ϫ0.349 Ϯ 0.067 for pupae. Parameter estimates resulted in a 98% match between observed and predicted values for both larvae and pupae (Fig. 1) .
Effect of Temperature on Longevity of L. jalisco. Longevity of L. jalisco females and males was significantly affected by ambient temperature (F ϭ 127.37; df ϭ 4, 290; P Ͻ 0.001). Longevities were not significantly different between sexes (F ϭ 2.46; df ϭ 1, 290; P ϭ 0.12), and a signiÞcant interaction was not found between sex and temperature (F ϭ 1.28; df ϭ 4, 290; P ϭ 0.28). Adult parasitoids exposed to temperatures of 30ЊC and higher lived less than 7 d whereas their mean longevity was 20 Ð25 d at temperatures between 15 and 25ЊC (Table 2) .
Discussion
Case history review by Stiling (1993) indicates that the most commonly cited reason for failure in classical biological control programs is climate related with 35% of cases. Bioclimatic studies on insect hosts and their natural enemies can help explain their geographic distribution and also provide insight into the potential physiological limitations for their geographic spread into other regions, either naturally or through intentional translocations (Messenger 1959 (Messenger , 1971 . Good climatic match between collection and colonization areas can contribute to increased chances for successful establishment and insect pest regulation by introduced natural enemies (Messenger 1971 , Stiling 1993 .
The current study showed that temperature had a strong inßuence on growth and development of L. jalisco. Both larval and pupal development times decreased with increasing temperatures. Furthermore, larval, and especially pupal mortality, increased with increasing temperatures. For rearing purposes, temperatures of 25Ð30Њ are optimum for larval development, and 20 Ð25ЊC for pupal development; rearing at these temperatures should yield the highest percentage of emerging adults.
The lower development threshold temperature for larvae was 12.6ЊC, whereas it was slightly higher, 14.3ЊC, for pupae. These estimates are consistent with our observations. After 150 d under the temperature regime 15:10ЊC, parasitoid larvae survived but developed only to about one-third of their normal size at prepupal stage. According to van Leerdam (1986) , the lower development threshold temperatures of E. loftini eggs, larvae and pupae were 13.6, 14.8, and 13.9ЊC, respectively, or 14.5ЊC for all development stages. Mean monthly temperatures in the Lower Rio Grande Valley of Texas remain above 15ЊC during the coldest months of November through March (Legaspi et al. 2000) suggesting that development of both E. loftini and L. jalisco may be possible. However, because temperatures lower than 10ЊC are often recorded during those months ( Fig. 2A) , it would be interesting to study the ability of L. jalisco to overwinter in south Texas.
At temperatures between 15 and 35ЊC, estimated degree-day requirements of L. jalisco were compara- Means within a column followed by different letters are signiÞ-cantly different (TukeyÕs HSD, P Ͻ 0.05). ble. Parasitoid larvae and pupae required between 211.3 and 271.8 DD and between 165.3 and 227.7 DD, respectively, to complete development. Compared with E. loftini larvae, L. jalisco larvae appeared to require less heat units to develop, whereas the opposite was true for L. jalisco pupae. In fact, above larval and pupal threshold temperatures, degree-day requirements of E. loftini larvae and pupae reared on artiÞcial diet range from 224 to 666 (average 362) and from 91 to 194 (average 127), respectively (van Leerdam 1986) .
A nonlinear temperature-dependent growth model (Stinner et al. 1974 ) described the development of L. jalisco larvae and pupae. Nonlinear models are known to be more reliable and accurate than linear ones in describing insect development at low and high temperatures (Hilbert and Logan 1983) . In this study, the results obtained using both the linear degree-day model and the nonlinear model were comparable with regard to estimating L. jalisco immature development at the lower tested temperatures. However, the nonlinear model more realistically predicted development at temperatures exceeding 30ЊC. Because of high rates of mortality, the highest tested temperatures may have been near the high lethal temperature for L. jalisco. However, having selected a higher temperature would have allowed to better explain the development of L. jalisco at extreme high temperatures and eventually to adjust a different development rate model such as proposed by Hilbert and Logan (1983) .
SigniÞcant differences in longevity of adult L. jalisco were observed among temperatures. Lifespan averaged 3 wk at 15Ð25ЊC but was Ͼ1 wk at 30 and 40ЊC. The fact that adult L. jalisco exhibited low heat tolerance suggests that this parasitoid may not adapt to the climatic conditions encountered in the Lower Rio Grande Valley. In Weslaco, temperatures exceeding 30ЊC were recorded daily between 1000 and 2100 hours during the months of May through September (Fig. 2B) when populations of E. loftini reach and often exceed economic thresholds (Meagher et al. 1992) . Hourly temperature data from the weather station in Ameca are not available. However, from 1998 to 2000, E. loftini larvae parasitized by L. jalisco were collected in sugarcane plantations between August and November (Legaspi et al. 2000 ; I. Lauziè re, unpublished data) when daily temperature averages 22ЊC (minimum 4, maximum 34). Mean monthly maximum remained below 35ЊC throughout the year except in April and May (Fig. 3) . The results of this study also showed that immature L. jalisco parasitoids developed better at cooler temperatures that more closely resemble climatic conditions in the parasitoidÕs native habitat. Moreover, establishment of L. jalisco in south Texas seems compromised because oviposition occurs a minimum of 7 d after copulation and is greatest when females are 9-to 14-d-old (Lauziè re et al. 2000) . Therefore, when Þeld temperatures are high, a high percentage of females may likely die before initiating oviposition. These observations are consistent with unsuccessful Þeld release efforts during 1999 and 2000 in the Lower Rio Grande Valley of Texas (Lauziè re et al. 2002) . The highest percentage of parasitism observed was 6.8% in walk-in Þeld cages where released females had been allowed to complete a 7-to 12-d gestation period under laboratory conditions before releases (Lauziè re et al. 2002) .
Foreign exploration could allow us to identify other natural enemies of E. loftini from areas where climatic conditions are similar to the ones prevailing in south Texas. Further studies may also show that under cooler temperatures such as those prevailing during the fall and spring, i.e., the beginning of the sugarcane growing season, L. jalisco is a promising biological control agent for suppressing early populations of E. loftini larvae on young sugarcane stalks in south Texas. However, mating behavior and reproductive development of L. jalisco females must still be closely monitored before parasitoid releases to ensure the optimum egg fertilization and maturation that would allow optimal oviposition in the Þeld. Climatic conditions in north Texas may be more favorable to this parasitoid should E. loftini expand its distribution.
